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ABSTRACT 


The purpose of this study was to investigate the 
patterns of muscular fatigue of the forearm flexors during 
concentric and eccentric repeated maximal contractions in 
males and females. 

Twelve male and twelve female subjects participated 
in the study. Each subject performed repeated maximal concen 
tric and eccentric forearm contractiens through a range of 
90° at a constant velocity of che per second. Contraction 
time was five seconds and rest interval seven seconds. 

Results indicated that mean eccentric maximum force 
output was significantly greater than mean concentric maxi- 
mum force output by 42.19% for males and 15.06% for females. 
Male mean maximum muscular force was significantly greater 
than the female by 119.80% and 108.28% in concentric and 
eccentric contraction respectively. 

The mean total eccentric force output was greater 
than the mean total concentric force output by 14.61% and 
18.15% for males and females respectively. The male mean 
total muscular force output was significantly grater than 
the female by 85.00% and 79.47% in concentric and eccentric 
contraction respectively. 

There was a large individual variation in electrical 
activity generated between subjects in both types of contra- 


etion. There was no significant difference between the con- 
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centric and eccentric electrical activity produced by males 
or females, 

The pattern observed in both male and female concen- 
tric and eccentric fatigue was of a curvilinear nature with 
an initial rapid decline in force output over the first 20 
contractions. During the last 100 contractions the force 


output tended to level out. 
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CHAPTER I 


STATEMENT OF THE PROBLEM 


Introduction 


It is generally agreed that walking up several 
flights of stairs is physiologically more exhausting than 
walking down the same several flights at an equivalent rate 
of speed. Although the actions are not identical in the 
physical sense ( the almost identical but opposite movement 
to walking upstairs would be walking backwards downstairs) 
according to Abbott et al (2:388), the same amount of 
mechanical work is performed. The identical, but opposite, 
actions of raising oneself by pulling the body up a rope 
and lowering oneself by the same means at the same speed 
serve to illustrate the physiological difference between 
positive work (pulling upward - where concentric contrac- 
tion is used to overcome the gravitational force) and 
negative work (lowering - where eccentric contraction is 
used to resist the gravitational force). In these instances 
it feels much more fatiguing to perform positive work than 


it does to perform negative work. 


The Problem 


If the physiological cost of positive work is much 
greater, in relative terms, than the physiological cost of 
negative work, it would seem logical to assume that 
muscular fatigue experienced subjectively and observed 
from recorded data would become evident much sooner by 
performing positive work, thus leading to a cessation of 
activity, than would be experienced by performing an 
equivalent amount of negative work. Furthermore, it is 
possible that more mechanical work can be accomplished 


eccentrically than concentrically. 


sub-problems 


A number ofsub-problems arising from the main 


problem were investigated: 


1. The difference between the maximum concentric force 
and maximum eccentric force produced by each subject. 

2. The difference in the rate of decline in force output 
between concentric and eccentric contraction. 

3. The difference between the total concentric force 
output and the total eccentric force output. 

hk, The difference between the total concentric integrated 
electrical activity (IEMG) and the total eccentric 
IEMG. 


5. Male and female differences for the above measurements. 
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Definition of Terms 


For the purpose of the study the following 
definitions apply: 


CONTRACTION: The active process within a muscle for 


generating force. 


CONCENTRIC CONTRACTION: A contraction in which the 


muscle shortens. 


ECCENTRIC CONTRACTION: A contraction in which the 


muscle lengthens due to an external force. 


POSITIVE WORK: The work performed when a muscle 


contracts concentrically. 


NEGATIVE WORK: The work performed when a muscle 


contracts eccentrically. 


FATIGUE: The decrease in the physical capacity of 


a@ muscle to perform work. 


ELECTROMYOGRAPHY: Recording of the changes in 
electrical potential of a muscle by means of 


surface electrodes, 


SURFACE ELECTRODES: Silver discs, connected to 
an amplifier, that are placed on the surface of the 


skin for the purpose of recording muscle action potentials. 
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INTEGRATED ELECTRICAL ACTIVITY: A quantification of the 
area under the curves of electrical activity recorded by 


the surface electrodes. 


FORCE OUTPUT: The torque produced by the forearm flexors 


measured in kilogram-metres. 


TOTAL FORCE: The addition of the maximum torque exerted 
throughout the range of motion for each contraction. 


Limitations of the Study 


is The study was limited to the analysis of muscular 
tension and IEMG within the muscle. 

Zi The daily activities of the subjects were not 
controlled. 

3. The range of movement was limited to 90° between 
angles of 56° and 146°, 

4, The angular velocity was limited to 18° per second, 

De Only the right arm of each subject was used. 

6. The motivation was limited to asking for a maximum 
effort in performing each contraction, once only 


at the beginning of the testing session. 


Delimitations of the Study 


ake Surface electrodes were used to record electrical 


activity. 
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CHAPTER II 


REVIEW OF THE LITERATURE 


Muscle Contraction and Human Movement 


In everyday human movement some skeletal muscles 
shorten (concentric contraction) and others lengthen in 
eccentric contraction. In lowering a heavy weight, the 
lengthening is forceful although in many other movements 
this is not so. When a muscle shortens with force,it is 
regarded as having produced work. When a muscle lengthens 
with force, it is regarded as having absorbed work (4, 12, 
30, 46). 

Comparisons between the two types of contraction 


have been made a number of ways. 


Thermodynamic Comparison 


In order to perform mechanical work against a 
load,a muscle shortens obtaining energy from chemical 
reactions. According to Hill (30), the energy liberated by 
a muscle can be measured as work and heat. In changing its 
state Sa one of rest to one of activity, the muscle 
produces theat of activation’ which Hill (30:898) 
designates °A*. Maintaining the activity requires the heat 


of activation to continue as heat of *maintenance’®. 
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Regardless of the work performed, for a simple, specific 
amount of shortening, there is a proportional amount of 
extra heat liberated. So if ‘a® is a constant related to 
the maximum strength of the muscle, °x® the amount of 
shortening that occurs and °W°® the amount of mechanical 
work produced, Hill*s equation for total energy released 


by the muscle appears as: 
Total energy released = Atax+W (30:898) 


He goes on to say that the greatest mechanical output 


would be when ATX was as small as possible. In other words, 


when the heat energy expended divided by the mechanical 
work accomplished was as simtall as possible. 

If, on the other hand, the muscle in attempting to 
contract and shorten, is lengthened (eccentric contraction), 
it resists the stretch very strongly. When measuring the 
heat remaining in the muscle at the end of the contraction, 
Hill (30:899) discovered that it was no greater than the 
work put into it. 

The muscle itself apparently had 

produced no heat at all of its 

own, although it had resisted the 

stretch very strongly (30:899). 
It thus appears obvious that with the much restricted 
liberation of heat in eccentric contraction, the mechanical 


output so produced would be much greater than that for 
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Apparent Absorption of Heat in Eccentric Contraction 


If a relaxed muscle is stretched, all the work is 
turned into heat. If we suppose that the same thing happens 
when an actively contracting muscle is stretched then, when 
measuring the energy of the muscle performing eccentric 
contraction, the muscle appears to have produced much less 
heat than it would have done if it had not been stretched 
at all. The muscle appears to have absorbed much of the 
work done in the stretch (4, 3, 46). 

In an attempt to explain this phenomenon in terms 
of heat of shortening, Abbott et al (2) coined the term 
"negative heat of lengthening’,wh3n investigating the 
apparent disappearance of work and reversal of heat of 
shortening in slow muscle stretches. 

In 1960,Hill (30) showed that muscle has a co- 
efficient of thermal expansion similar to that of ebonite. 
Although incorrectiy stated by Rasch (49:78), it seems as 
though a physical parallel can be drawn between the 
stretching of a muscle with absorption of heat and the 
fact that when a wire is stretched, the temperature falls 
during the stretch and rises when it is released (30, 46). 

The observation that the muscle when stretched 
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appears to produce no heat of its own has lead to the 
supposition that the chemical reactions which produce heat 
in the muscle when shortening under load are reversed when 


resisting lengthening (2, 7, 30, 49). 


Muscle Tension and Motor Unit Recruitment 


The force of voluntary muscular contraction can be 
increased in two ways: (a) an increase in the number of 
active motor units (or recruitment) or (b) an increase in 
the rate of discharge of the motor units already firing 
(or frequency of discharge) (5). According to Vander et al 
(56:209), total tension development in a muscle depends on 
the number of muscle fibres contracting at a given time and 
the amount of tension that can be developed by each 
contracting fibre. Thus, the total number of activated 
motor units (recruitment) will determine the total tension 
that the muscle develops. 

From their investigations with human subjects, 
Henneman et al (28) were unable to show variety in the 
recruitment pattern of voluntarily activated motor units: 
the first easily recruited motor unit could not be made to 
stop firing while those recruited later than the first 
continued to discharge. However, Grimby & Hannerz (24) did 
observe changes in the recruitment order depending on the 


speed of movement. 
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The results reported by Milner-Brown et al (45) 
indicated an orderly recruitment of motor units during 
increasing voluntary muscular contraction which is related 
to the size of the contraction they produce (28, 48). The 
first motor units recruited in tonic activity appeared to 
be resistant to fatigue (24). 

When increasing the force of voluntary contraction 
at low levels of force, recruitment is the major mechanism. 
Only at intermediate force levels does the increase in 
frequency become the more important mechanism, Throughout 
the whole physiological range though, frequency of firing 
is the major contributer to increased force (45). Further- 
more, the rapid decline in recruitment of motor units with 
larger twitch tensions or higher thresholds as the force 
was increased was noted. It was concluded that recruitment 
accounted for less and less of the increase in force at 
high force levels. However, Granit (23) and Grillner & Udo 
(25) emphasized recruitment as a major mechanism of muscular 
force increase. Grillner & Udo (25) did go on to point out 
that if during maximal voluntary effort all the motor 
units in a muscle could be activated, then the only way 
the force could be further increased would be by increasing 
the firing rate of the active motor units. 

In 1965, Henneman et al (29) working with 
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decerebate cats found that by the time the tension generat- 
ed in stretching the soleus muscle had reached 50% of its 
final value, already 90% of the available motor units had 
been recruited. As well,it appeared that no more motor units 
were recruited beyond 75% of the final tension indicating 
that any further increases in tension must have been 
produced by increased frequency of discharge. The extra 
force encountered was attributed to stiffness resulting 


from the stretching of contracting muscle. 


Comparison of Fibre Utilization and Muscular Tension 


Since the force exerted by a muscle when it is 
stretched appears to be much greater than the force 
exerted by the same muscle when shortening at the same 
speed (2, 20, 53), a smaller number of fibres, it would 
seem, would be needed for the lesser force output (concen- 
tric contraction) .However, a smaller number of fibres can 
be used eccentrically to produce a given concentric force. 
If the tension exerted by a muscle to produce an isometric 
contraction is thought of as the product of the number of 
fibres activated and the frequency of stimulation of those 
fibres, then to perform a concentric contraction in which 
the number of fibres and their frequency of stimulation 
will be less than in the isometric position, concentric 


contraction of muscle will require a greater tension (2) 
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hence more muscle fibres and the corresponding recruitment 
of more motor units. Looking at it another way, it could be 
stated that the muscle resists stretch with a greater 
tension than that required for an isometric contraction 
under the same conditions (49:78). 

Comparing concentric, isometric and eccentric 


strength, using isometric strength as a criterion: 


(a) Asmussen et al (6) found that maximal concentric force 
was only 75 - 80% that of isometric force whereas 
eccentric strength at the same velocity was 125 - 130% 
that of isometric. 


(b) Doss & Karpovich (20), investigating the elbow flexors, 
found that maximum concentric force was only 77% that 
of isometric force whereas eccentric strength was 


113.5% that of isometric. 


(c) Olsen et al (48) investigating the hip abductor 
muscles found examples where concentric force was only 
70% that of isometric force whereas eccentric strength 
was 130% that of isometric. 

In 1966,Singh & Karpovich (53) reported greater 
eccentric force when compared to concentric force of the 
elbow flexors (32.65%) and similarly for the elbow exten- 
sors (14.22%). 
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Elastic Component of Muscle 


Within the muscle there appears to be a contractile 
component and a non-contractile component. Guyton (27:87) 
suggested that the non-contractile component included the 
tendons, the sarcolemmal ends of the muscle fibres where the 
tendonous attachments occur and possibly the membranes of 
the myofibrils themselves. Close (15:138) divided the 
non-contractile component into: (a) a lightly damped series 
elastic component and (b) a parallel elastic component. 
Hill (30:898) thought that part of the series elastic compo- 
nent may reside in the contractile component itself. Close 
(15) went on to explain that when a muscle is allowed to 
shorten freely after an isometric contraction against a load 
that is less than the isometric tension, there was an ini- 
tial rapid movement which was completed within a few milli- 
seconds. After this rapid release of energy stored in the 
elastic component of the muscle, a slower second phase of 
movement is attributable to the shortening of the contrac- 
tile component. Hill (31 and 32) and Wilkie (59) showed the 
same kind of results from the experiments they did using 
the frog sartorius muscle. To make up for the stretch in 
the elastic elements, the muscle was estimated to have to 
shorten an extra 3 - 5% (27:87). 

In comparing the isometric and isotonic twitch 


characteristics in the same muscle cell, Vander et ai 
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(56:204) noted that the latent period (following excitation) 
is considerably longer in the isotonic twitch. Furthermore, 
as the load increases so does the latent period. But, the 
velocity of shortening, duration of the isotonic twitch and 
the distance shortened all decrease. The point was made that 
only when tetanus occurs is the active state (tension 
produced internally by the muscle proteins) held long enough 
to completely stretch the series elastic component so that 
the tension produced is equal to that of the active state. 

The heavier the load the longer it 

takes to develop the amount of stretching 

of the series elastic element required to 

lift the load and thus the longer the 

latent period (56:208). 

If a muscle is stretched during contraction a large 

part of the work done on it does not appear as heat or as 
elastic mechanical energy. However, the muscle strongly 


resists the stretch, the tension rising to a high value. 


Oxygen Consumption Comparison 


From a purely mechanical point of view, most author- 
ities agree that whether moving the body upward or downward, 
the force required to overcome, in one instance, or resist, 
in the other, the gravitational pull,is also equal. Apart 
from the empirical evidence that it is much more fatiguing 


to perform positive work than it is to perform negative 
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work, when Abbott et al (2) required one subject to resist 
the forward pedalling motion of another on coupled ergo- 
cycles, they found that 3.7 times more oxygen was consumed 
by the subject pedalling forward at 35 revolutions per 
minute (concentrically) than was consumed by the subject 
resisting (eccentrically). In other experiments involving 
walking on a motor-driven treadmill (16) and bicycle riding 
on a motor-driven treadmill (7) it appears evident that 
eccentric muscular contraction is by far the cheapest way 
of doing work. If the velocity of shortening of a muscle 
producing a constant force is increased, the consumption 
of oxygen increases rapidly. If, on the other hend, the 
velocity of lengthening of a muscle producing the sane 
constant force is increased the ccasumption of oxygen 


remains approximately the same (1, 2). 


Electromyographical Comparison 


Since it may be reasoned that the number of muscle 
fibres recruited and their frequency of discharge determine 
the tension in a muscle, an indication of the tension so 
produced may be obtained by integrating the electrical 
potentials set up by the motor units. The integration gives 
a relative expression of the number of muscle fibres active 


in a given situation and can be used as an optional measure 
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of muscle activity (49:78, 57). In voluntary, human, iso- 
metric muscular contractions, the results of different 
experiments are not wholly in agreement even though the 
investigations were performed under similar conditions. 

The linear relationship between IEMG and force (9, 19, 21, 
33, 50, 54) has been found to be more than linear (curvi- 
linear) by other investigators (11, 36, 38, 40, 43, 61). 
From their investigations, using surface EMG with the elec- 
trodes located over the biceps brachii, Vredenbregt & Rau 
(57), obtained a more than linear (curvilinear) increase 
with increasing force at the wrist. It should be noted that 
this EMG/force relationship involves the brachialis and 
brachioradialis as well as the biceps brachii and what is 
recorded is really a group of active muscles referred to as 
a ‘muscle equivalent’ by Bouisset (10). Surface electrode 
information from a triceps location also indicated a 
non-linear relationship which varied at different angles 


(57:612). 


Fatigue 


Fatigue is a very complex phenomenon which may be 
investigated from many different aspects. Muscular fatigue 
is evidenced by the decreasing force output from the muscle 
both in concentric and eccentric contraction over an extend- 
ed period of time. If the force a muscle exerts is held for 


a long period of time, muscular fatigue occurs. 
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There is an increase in electrical activity when constant 
force is maintained which is apparently due to the recruit- 
ment of additional motor units in order to keep the force 
output at the desired value (9, 19, 21, 40, 50). 

The internal torque generated within a muscle in 
response to the torque of an external force in dynamic 
movement is produced by the motor unit activity within the 
muscle. It depends on (a) the length of the active muscle 
fibres and (b) on the lever length of the muscle force (47). 
The point is made that in isometric contractions it is easy 
to control important variables like external force and joint 
angle but in dynamic movements these variables cannot be 
controlled. The maximum torque produced by a particular 
muscle group tends to vary at different joint angles (14, 20, 
53, 60). 

When comparing concentric and eccentric contractions 
the EMG activity is greater when the muscle is shortening 
than when it is lengthening under the same load at the same 
velocity (8, 9). On the other hand, when Komi (37) investig- 
ated the relationship between tension, EMG and velocity of 
contraction under concentric and eccentric conditions, he 
could not obtain clear differences in the relationship 
between IEMG and tension at any type or velocity of 
contraction when the muscle tension was expressed in percent 


of maximum voluntary contraction (MVC). 
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The Use of Muscle Elasticity in Exercise 


Thys (55) measured vertical acceleration of exten- 
sion from the flexed position in deep knee bends under two 
conditions: (a) where the extension followed immediately 
after bending and (b) where the extension followed after 
allowing time for the extensors to relax. He found that 
under condition (a), extension speed, mean power and 
mechanical efficiency were greater and consequently the 
time required for the positive work was less. He interpreted 
this as evidence that when a muscle is stretched (eccentric 
phase of an exercise ) potential energy is stored in the 
elastic component which is used to assist in the performance 
of the positive phase of the work. Investigating the isolat- 
ed frog gastrocnemius muscle, Cavagna (12) came to a similar 


conclusion. 


Concentric and Eccentric Strength Training 


When using bench press (concentric) and bench 
repress (eccentric) movement as well as knee flexion-extens- 
ion movement as a training procedure with ten repetitions 
each training session three times a week for eight weeks, 
Johnson (34) found significant increases in strength from 
both concentric and eccentric training but no significant 
difference between the two contraction types. Even the 
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week to week strength changes between the two types were 
not essentially different. Each Friday a one repetition 
maximum established the training resistance for the fol- 
lowing week. Strength measures,using this method, at the 
beginning and end of the training period showed a signif- 
icant mean increase for both eccentric and concentric 
strength but neither procedure was found to be superior to 
the other. Similar findings were reported by other inves- 
tigators. Logan (42) using a leg press machine with thirty 
repetitions every other day for a period of seven weeks, 
Seliger (51) with squat and bench press exercise in ses- 
sions of two hours twice a week for thirteen weeks and 
Mannheimer (44) concerned with the triceps and using two 
sets of five repetitions five day3 per week for six weeks 
are notable examples. 

Komi & Buskirk (38) using an electric dynamometer 
to train the forearm flexors with six maximal contractions 
four times a week for seven weeks reported that eccentric 
training increased muscular strength more than did concen 
tric training. When investigating the effect of eccentric 
training of agonists on antagonistic muscles, Singh & 
Karpovich reported percentwise, practically twice as much 
effect on concentric as on eccentric strength. Their 
training procedure involved twenty maximal eccentric 


contractions four times a week for eight weeks. 
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CHAPTER III 


METHODS AND PROCEDURE 


Subjects 
Subjects for the study volunteered from the Fac- 


ulty of Physical Education. Each subject was required to 
report three times. The first visit was for familiarization 
purposes and included recording name, age, sex, height, 
weight, relaxed upper arm girth (with the arm hanging at 
the side), hand dominance and forearm length. The forearm 
length was recorded as the distance measured from the lat- 
eral epicondyle of the humerus to the end of the radius. 
Two later appointments were arranged at this time. During 
these appointments the subjects were required to perform 
repeated concentric (and eccentric) maximum voluntary 
contractions (MVCs). 

Three criteria were used to terminate the experi- 
ment: 
(a) The subject reached 25% of his initial maximum force 
output. (The initial maximum force output was taken as 
the greatest output of the first three contractions), This 
was controlled by the investigator, 
(bd) The subject reached 200 contractions. This was con- 


trolled by the investigator, 
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(c) Excessive distress of any kind suffered during the 
testing period that caused the subject to request termin- 
ation of the experiment. 

There was random assignment of the type of 
contraction to be performed on the first visit. Thus, half 
of the male subjects and half of the female subjects would 
perform concentric contraction on the first visit and the 
remaining subjects (male and female) would perform eccent- 
ric contraction on the first visit. 

Not less than one seven-day week was required to 
elapse between visits to allow for restoration to the 


pre-test physiological state. 


Experimental Equipment 


Electric Dynamometer : The testing instrument was an 
electrically operated dynamometer which consisted of an 
isokinetic lever arm with the angular velocity set at 18° 
per second. The isokinetic property of the lever arm was 
maintained by means of a gear reduction box which absorbed 
the force applied sufficiently to prevent acceleration of 
the arm. The force applied by a subject to the arm was 
sensed by a strain gauge installed in the lever arm. The 
strain gauge changed the capacitance of an electric circuit 


which was then amplified to drive a mirror galvanometer. 
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Visicorder : Mirror galvanometsers, incorporated in the 
Honeywell visicorder, produced deflections on light sensi- 
tive paper. Thus EMG waves, force output curves and inte- 


grated electrical potential were able to be recorded. 


Integrator : The EMG potentials were fed into an elec- 
trically operated integrator with full wave rectification. 
From the variables of amplitude, frequency and spike shape, 
the integrator was able to produce an arbitrary, quanti- 


tative figure (denoted as IEMG in the study). 


Electrodes : Electrical potentials in the muscle were 
sensed by means of silver dise surface electrodes with 
adhesive cellars. Saline ‘electrode jelly’ was used to 


improve electrical contact. 


Experimental Procedure 


Each subject was required to perform on each occa- 
sion either repeated voluntary maximum concentric muscular 
contractions or repeated voluntary maximum eccentric muscul- 
ar contractions striving for the maximum isokinetic force of 
the forearm flexors through a 90° range of motion from 56° 
to 146°, The angular velocity was set at 1386 per second. For 
both types of contraction the muscles were allowed to relax 
while the lever arm was returning to the starting position. 


Placement of the electrodes on the biceps was standardized. 
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Testing Procedure 


Upon entering the lab each subject was re-familiar- 
ized with the requirements and techniques of the recording 
procedure, 

To standardize the placement of the surface 
electrodes on the belly of the biceps brachii the grouwnd 
electrode was located one third of the way along a line 
extending from where the tendon of the biceps brachii enters 
the cubital fossa to the palpated greater tubercle of the 
humerus. The two remaining electrodes were placed along the 
same axis with a distance of four centimeters between the 
centres of the electrode discs. Before the electrodes were 
attached the skin above the muscle belly was cleansed and 
abraided to allow for facilitated electrical conductance of 
the myoelectrical impulse to the amplifier. The subject was 
secured to the seat by a belt around the waist and, in 
addition, a strap was placed around the left shoulder to 
restrict synergistic compensation as fatigue progressed. 
Stabilizing pads were adjusted over the shoulders to provide 
kinesthetic feedback to further restrict synergistic compen- 
sation. The subject was requested to sit tall and look 
straight ahead where a mark had been constructed from thumb 
tacks pressed into a board. Background music from a radio 
supplied pleasant sounds in an attempt to relieve any 


repetition boredom. 


it 7 7 1 : 
s >| hey) ' 
tse fi, 
A by vid “ has hele, " VS 4 thm aif “dl : ce! i ‘eh 4 re 
: + F a ie £ 7 


; . i 
Se iw d eT. a % of Ra ,. 7.) ay 
wl ; = ae ee nD eet Des oy 
. mn oF ik _ ul 
oF Avie 
F | 
- ae 7 | f : 
Pl i 
’ a“ a Fa CPT A | 7 
a a F4 Mim oF". i 
ci O 4 
iy ¥ 
er > ena aed . 
- a oi a = 
‘e 1d 
, (w 4 | be : 
1 ll i a 
i] t 
‘ Mh 
i ; ors 
¢ ahi B. added } 
{ 4 ;? } as 67 ft’ 
A i i 
tay ay 
ca ri Ne 
Sa y 
i) ue was 
iy ayaw eabonte hemes one 98 
ie iva 
' He } - 
A \ 5 \ 
sn ‘ 
ho 5 ‘ 
y - 
Ae 4 i ° o 
L. FV r n 


a pt . 
d oe, oe 
se * re ‘ 
~ 5 
a aa 
H “ al ih 
“ hy ; ee 
4 io ad 
es Soe sad 
‘ 
¢ ® 
he | 


woo oitakesenys Polstecs tH a zs oe 
| Te F 
Pity * ; b a / : RY . Bs C. oF | ff nm wipers "¥ ll . oobi 
eh i? = vr 
font? worgy botouyd ace am eed bs nd ine | exalts De 
aan 


‘on } 
20a 2 Oe ‘? Ou wot bets: ot a bir | onmt tS 
: : as Vy 


oy et Le a we: Pees? nm fia 


> q 7 


many pris 
“ ob | 


PLATE I: ELECTRODE PLACEMENT ON MALE 


SUBJECT 
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PLATE II: ELECTRODE PLACEMENT ON FEMALE SUBJEC' 


24 


Placement of the elbow on the elbow pad was done 
in such a way that the olecranon process of the ulna was 
not supported on the elbow pad in an attempt to eliminate 
any tendency to use the pad as a lever. The shoulders of 
the subject were horizontally set by raising or lowering 
the seat. The lateral epicondyle of the right humerus was 
aligned directly opposite the axis of rotation of the lever 
arm, A wrist pad, with which the subject would exert force 
on the lever arm, was adjusted to the proximal end of the 
wrist. These adjustments were made for each subject. The 
wrist was taped to the pad to avoid inadvertant movement 
either toward or away from the axis of rotation of the 
lever arm as fatigue progressed. The feet were placed 
comfortably on a flat board to minimise any attempt to use 
leverage from the muscles of the legs. 

The subject was requested to begin contraction 
immediately after the twelve second automatic reset signal 
on the integrator. 

Any subject indicating muscle soreness between 
24 and 48 hours after testing was advised of DeVries® 
static stretching method of relief (17:306). After the 
eccentric exercise some subjects had ice placed on the 


biceps brachii for a period of fifteen minutes. 
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PLATE III: A MALE SUBJECT PERFORMING CONTRACTION 
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PLATE IV: A FEMALE SUBJECT PERFORMING CONTRACTION 
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PLATE V: EXAMPLE OF RECORDED DATA 
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Motivation 


The dramatic effect of motivation is recognized 
and in an attempt to standardize motivation for all sub- 
jects a request for maximal effort in performing each 
contraction was made during the familiarization visit and 
called for once only before the testing began. No other 
motivational procedure was used. Only the investigator and 
the subject were present during the experiment. Any sig- 
nificant comments were recorded as the experiment pro- 


gressed, 


Calibration of the Apparatus 


The output from the force transducers on the lever 
arm was calibrated using known weights (in pounds) placed 
twelve inches from the axis of rotation of the lever arm. 
Conversion to the metric system was later made. Output from 
the integrator was calibrated by setting the automatic re- 
set control each ten units from ten to one hundred micro- 
amperes and recording electrical potential to each of 
these limits. In both cases galvanometer deflections were 
noted and a relationship calculated using the grid lines 
on the light sensitive recording paper. One subject perform- 
ed ten NVCs, waited for thirty minutes and performed an- 
Other ten MVCs. A correlation coefficient of 0.85 was ob- 
tained between the recordings. Thus it appeared safe to 
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assume that any significant changes in the data records of 
subjects under experimental conditions were due te physiol- 


Ogical phenomena and not the apparatus. 


Statistical Treatment 


The following is a list of variables that were 
involved in the experimentation: 
(a) type of contraction 
(b) time (or number of the contraction performed) 
(c) force output 
(d) IEMNG 
(e) Sex of subjects 
(f) range of motion 
(g) angular velocity. 
From the above list, (f) range of motion and (g) angular 
velocity were held constant throughout the experiment. 
Repeated measures for each contraction type were 
recorded. The quantification of the maximum force produced 
throughout the range of motion for each contraction by each 
subject was recorded. The IEMG was also quantified and 
recorded for each contraction by each subject. Significant 
differences were investigated in the following manner: 
(a) Maximum concentric force output versus maximum eccen- 


tricforce output for males and females. 


+ fi if 0 7h ig wv att fui 


aw dvokow “4s 


tio ie = ea cs oat 
‘Yoawbsiog Hoan O¥ sows — ober, sora iat 
miureee eri ta mobsnotitoneny ft 7% “al heb: yO 


he, . 


iy ae oA Le zp. kt ad : a SO.8 _ ait of , roth ee ‘ 


j 


| is pie 
Leas outa’ sew OME ¢ edt teen 20a aw tout dir 


; 4 ; 
toetdun ‘dbae sed x nie e - a on 
{ ; ii a: 
| cae or 


cal asad ~arte’® 


4 Poor 1 Te ‘7 mee ? és 
ws sake bea ot ses 
wha nae nis eo be oe oki ont TD 
. 1 ce oe i iy. rae i 
; ae 


‘ie ar fet > we Od 


(b) 


(c) 


(d) 


(e) 


(f) 


(g) 


(h) 


(i) 


(J) 


(k) 


Mean total concentric force output versus mean total 
eccentric force output for males and females. 

Mean for each concentric contraction versus mean for 
each eccentric contraction for males and females to 
determine at what time significant difference between 
the two contraction types ended. 

Mean percentage decline in force output at specified 
intervals in concentric versus eccentric contraction 
for males and females. The greatest force output of 
the first three contractions was taken as 100% and 
each contraction thereafter was measured as a per= 
centage of the greatest force output. 

Concentric IEMG versus eccentric IEG for males and 
females. 

Mean male concentric maximum force output versus mean 
female concentric maximum force output. 

Mean male eccentric maximum force output versus mean 
female eccentric maximum force output. 

Mean total male concentric force output versus mean 
total female concentric force output. 

Mean total male eccentric force output versus mean 
total female eccentric force output. 

Mean total male concentric IEMG versus mean total 
female concentric IEMG. 

Mean total male eccentric IEMG versus mean total 


female eccentric IEMG. 
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CHAPTER IV 


RESULTS AND DISCUSSION 


Subject Data 


Statistics for the variables of age, height, 
weight, relaxed upper arm girth and forearm length (see 
Appendix A for raw data) as presented in Tables I and II 
were analysed for significant differences between males 
and females. With the exception of age, all variables were 
significantly different at the .01 level between the sexes 
(see Table III). Twenty-six male and female subjects began 
the study. Due to muscle soreness from the eccentric type 
one male and one female subject failed to complete the 
concentric phase of the experiment and the final analysis 


was conducted on twelve male and twelve female subjects. 


Maximum Concentric and Eccentric Force Output 


The maximum force (torque) exerted was taken as 
the greatest force output of the first three MVCs for 
each subject both concentrically and eccentrically. These 
values (see Appendix B) were submitted for a t test anal- 
ysis. The maximum eccentric force output for males was 
significantly greater at the .01 level than the maximum 
concentric force output in a one-tailed test (see Table 


IV). A similar result showed the female maximum eccentric 
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force output to be significantly higher than the maximum 
female concentric force output (see Table V) at the .01 


level in a one-tailed test. 


Total Concentric and Eccentric Force Output 


The total force exerted by each subject (see 
Appendix C) was found by adding the maximum torque record- 
ed throughout the range of motion for every contraction. 
The concentric and eccentric values were submitted for 
variance analysis. The total eccentric force exerted by 
the male subjects, although approaching significance 
(P=.068) was not significantly different from the total 
concentric force exerted (see Table VI). The total eccen- 
tric force exerted by the females was significantly higher 
(at the .05 level) than the total concentric force exert- 
ed (see Table VII). 


Total Concentric and Eccentric IEMG 


The totul concentric integrated electrical Aopen 
originating from the forearm flexors (see Appendix D) 
throughout the range of movement was not significantly 
different from the electrical activity generated by eccen- 
tric contraction for males (see Table VIII) or females 
(see Table IX). The large standard deviation existing in 
the data from both males and females indicates the large 


individual variation between subjects. 
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Graphical Representation of the Fatigue Pattern Associated 


With Concentric and Eccentric Contraction 


The mean concentric force output when graphed with 
the mean eccentric force output for each contraction per- 
formed by males (see Figure 1) and females (see Figure 2), 
show a similar pattern which appears more pronounced for 
the males. There is an initial rapid decline in force out- 
put during both concentric and eccentric contraction, A 
correlated t-test for significance between the concentric 
and eccentric mean force cutput for each contraction was 
undertaken to determine at what stage the difference 
between concentric and eccentric force output became con=- 
tinually non-significant. For males, eccentric force out- 
put was consistently significantly higher than concentric 
force output up to the 58th contraction. After this there 
was no further consistent significant difference in force 
output for the two types of contraction. For females, 
eccentric force output was consistently significantly higher 
than concentric force output up to the 71st contraction. 
After this there was no further consistent significant 
difference in force output for the two types of contraction. 


An obvious curvilinear fatigue pattern appears for both 


' ‘ 
“ a 
s &@ + eae 
Al * -a 
; 
T 
* on bw 
A Ad 
4 
Be 
hee 
* 
’ 
- ¥ 


og" 
Bi 


Jive sete er ee a 


1 . ) : + Dw Yrs * Ps Hes e Ye ae ort caw sind ple “ef 2 
e 1 he 

: Mot 

wo 


" P “> . — a 4 Me uy , et - n : . 
- ’ j ” wi he sone 94 . ont te v le 


: 
¢ 


Ah 


SNVGM OTWINSOOG GNV OITUINGONOOD HIVN *T gundId 


SNOILOVULNOD dO YSEHANn 
OOZ O6T OST OZT O9T OST O4T OLT OZT OTT OOT 06 O08 OL 09 OS OF OF O2 OT T 


eg et ee ae ee ees) 


UOTFZOGIZUOHN « UFAQUSO0Y =——— 


UOTZOVAZUOD VTIQUEeDUOD 


0°8 

9°6 

2° tt 
8*eT 
WaT 
o°gT 
9°21 
2°6T 
8*O0¢ 
4° Se 
O° 72 


9°S2 


(S023 eU-WBISOTTN) HOUOd NVAW 


‘eC Mere 


uty 


a 


% 
ft 
i 


70. 30 


ae 


730.740 7 
“ . come & 


330 


i 
S 
4 : 


2G 


fag F 


——— ——— 


d, ‘ ‘ ; " } = 
f < duds me’ " Beg 


~« 
1d 


wa 
A 


4 
=a 


s 


ae, 
seesiiematinnn edie ih. iieeeerieeettiineniie iemmeaiteeetneetiin’ intial 
’ 
a a 
ae 
Pe ade i] 


$ 


i 
e 


. 26 
Gou su. se eyeu 


#6 


a > 
oJ 


counese. 76 qougaso soe 


[Tt 


: — <i - ; 


Ww 
~~ 


SNVGM OLYINGOOT GNV OIMLNAONOO SIVNGA *2 Guo 


SNOIGOVUINOOD ZO YSaNON 


OOS O6T OST OZT O9T OST OFT OLT OZT OTT OCOT 06 O08 O42 09 OS OF OF OS OT T 
ieee Blea t. oa) slo al = ol. = ay le - de 


UOTLOBAAUOD OT AQUEe00G ——— 
UOTPOV.I4UOD OTApUEDUOD 
Oe ey — tO oe ‘3 es ci 
2 O RO me es 
OOo 
Oo. e 
>?) 
\ 
\ 


(SoazoWw-WeIZOTTH) FOYOd NVAN 


=~ 


of os ar 2 


+ 


46 


sexes in both contraction types. The initial rapid decline 
in force output begins at a higher level and falls at a 
faster rate for eccentric contraction when compared to 


concentric contraction for both males and females. 


Graphical Representation of Concentric and Eccentric 
Fatigue Patterns as Percentages of the Initial Maximum 
Force Output 


When the force output of each contraction performed 
by each subject both concentrically and eccentrically is 
presented as a percentage of the initial maximum force 
output for that subject (taken as the greatest single force 
output generated in the first three contractions) the fol- 
lowing observations may be made (see Tables X and XI with 
Figures 3,4 and 5: 

(a) The initial rapid decline in force output was evident in 
both sexes for both contraction types. 

(bv) For males the concentric pattern tended to decline 
initially at a greater rate, however, after the 20th 
contraction, eccentric decline was at a greater rate 
than concentric decline. 

(c) For females the eccentric decline was at a greater rate 
than concentric decline throughout the experimental 


time period. 
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(d) The concentric pattern tended to level off at a higher 
percentage of initial maximum for males, than the ecc- 
entric pattern (54% and 47% respectively). A similar 
result was found for females (72% and 56% concentric 


and eccentric respectively). 


Graphical Representation of the IEMG Pattern Associated 
With Concentric and Eccentric Fatigue 


When measured in microamperes, the concentric IEMG 
for males (see Figure 6) was greater than the eccentric 
IEMG. However, after approximately 110 - 120 contractions, 
the eccentric IEMG became greater. The greater eccentric 
IEMG at this stage appeared due to a continuing gradual 
decline in concentric IEMG rather than a rise in eccentric 
IEMG. Bloed occlusion (and hence much more rapid fatigue) 
is not considered of major importance here since the seven 
second rest period between each contraction was sufficient 
for blood to flush the working muscles. The decline in con- 
centric IEMG, however, could be due to the synergistic com- 
pensation for declining biceps brachii force output from 
the brachialis and brachioradialis muscles. The extent of 
change in the electrical activity of these muscles was not 
monitored. Less synergistic compensation is anticipated in 


the eccentric resistance movement and hence a greater 
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recorded electrical activity in the biceps brachii. Between 
the 30th and 80th contraction the concentric IEMG displayed 
a plateau phase in the declining pattern. A similar pattern 
was observed in the eccentric decline which appeared to last 
twice as long. This °second-wind'phenomena proved interest- 
ing since in both contraction types it occurred at roughly 
70% of maximum IEMG. 

For females a plateau phase was observed for both 
contraction types between the 80th and 160 th contractions. 
In the concentric pattern the *second-wind® phenomena oc=- 
curred at roughly 70% of maximum IEMG (similar to the males) 
however, the eccentric pattern exhibited the *second-wind’ 
at roughly 100% of maximum IEMG in a rising trend. Thus it 
appears that there is a greater synchronization of motor 
units presenting a plateau pattern in both male and female 
concentric and eccentric contraction. It occurs between the 
30th and 80th contractions for males and the 80th and 160th 
contractions for females. Initially, the female concentric 
IEMG tended to be greater than the eccentric IEMG. After 
roughly 60 - 70 contractions, however, The concentric IEMG 
declined sharply (see Figure 7). 

Concentric and eccentric IEMG appeared to be equal 
between 110 and 120 contractions for males’ and between 60 


and 70 contractions for females. 
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Male and Female Differences 


Maximum Force Output : The maximum concentric force output 
for males was highly significantly larger (at the .001 lev- 
el) than the maximum concentric force output for females 
(see Table XII). 

The maximum eccentric force output for males was 
also highly significantly larger (at the .001 level) than 
the maximum eccentric force output for females (see Table 


XII: 


Mean Total Force Output : The mean total concentric force 
output for males was highly significantly larger (at the 
.001 level) than the mean total concentric force output 
for females (see Table XIV), 

The mean total eccentric force output for males 
was also highly significantly larger (at the .001 level) 
than the mean total eccentric force output for females 


(see Table xv). 


Mean Total JEMG : The mean total concentric IEMG for males 
was significantly larger (at the .05 level) than the mean 
total concentric IEMG for females (see Table XVI). 
However, the mean total eccentric IEMG for males 
was not significantly different from the mean total eccen=- 
tric IEMG for females (see Table XVII). MThis could be due 
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to the fact that there was a significantly greater (at the 
-05 level) eccentric mean total force output when compared 
to concentric mean total force output for females while 
the eccentric mean total force output for males was not 
significantly different from the concentric mean total 
force output. Thus, more force was generated between the 
two types of contraction (on a relative basis) by females 
than by males. This may explain why the greater eccentric 
mean total IEMG needed to produce this force output 


approached the male value. 
Discussion 


The male and female subjects differed significantly 
in all anthropometrical measurements with the exception of 
age. On the average, the male subjects were 4.84% taller, 
26.18% heavier, had a 21.43% greater arm girth and an 8.35% 
longer forearm than the female subjects. 

The average maximum eccentric force output for male 
subjects was significantly (42.19%) greater than the maxi- | 
mum concentric force output. As well, the average maximum 
eccentric force output for female subjects was significantly 
(15.06%) greater than the maximum concentric force output. 
These results agree with those of other investigators 
(6, 20, 30, 48, 53). The average maximum concentric force 


output for males was significantly (119.80%) greater than 
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that for females. Undoubtedly, the 21.43% difference in 
relaxed upper arm girth, the 8.35% difference in forearm 
length, cultural stereotype and motivational phenomena had 
considerable effect here. 

The mean total eccentric force for males was 
14.61% greater than the mean total concentric force for 
females. Although this was not a significant difference, 
it approached significance with a probability of .068. 

For females, the mean total eccentric force output was 
significantly (18.15%) greater than the mean total concen- 
tric force output. 

A large individual variation was observed between 
subjects when recording both concentric and eccentric IEMG. 
For male subjects, there was a difference of just 3.37% 
between concentric and eccentric IEMG with the eccentric 
total being the greater of the two. A correlation coeffi- 
cient of 0.593 was significant at the .05 level. For 
females, however, the concentric IEMG was greater than the 
eccentric IEMG by 28.70%. Here a correlation coefficient 
of 0.682 was also significant at the .05 level. Neverthe- 
less, for males and females, as fatigue progressed, more 
electrical activity was observed ineccentric contraction 
than in concentric contraction. This result is not in 
agreement with two other investigations (8, 9). However, 
in these investigations the total testing time was much 
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less. If Komi’s testing time had been of a longer duration 
a similar result may have been found (37). It is possible 
that the result may have been due to the greater total 
force output during eccentric contraction. In other words, 
the muscles performing more work fatigue sooner and thus 
recruit more motor units in an attempt to keep the desired 
force output as great as possible (9. 19, 21, 40, 50). 

As fatigue progressed, there was an initial rapid 
decline in force output in both types of contraction for 
both males and females. The decline levelled out as more 
contractions were performed presenting a curvilinear overall 
pattern in both types of contraction for both males and 
females. 

There was no significant difference in the rate 
of decline in force output during concentric or eccentric 
contraction for males ren compared by percentage of ini- 
tial maximum force output. For females, significant 
differences occurred in a somewhat random fashion (see 
Figure 4) not exhibiting any consistent trend. It must be 
remembered that comparison by initial maximum percentage 
eliminates any sex effect. 

After completing the experiment, each subject was 
given a questionnaire (see Appendix F) in an attempt to 
subjectively analyse the effects of muscle soreness 


experienced after both types of contraction. 
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Results indicated that muscle soreness was much 
greater after having performed eccentric contraction. Min- 
imal discomfort was reported following concentric contrac- 
tion which took, on the average, less than a day to restore 
to the pre-exercised condition. It was interesting to note 
that one subject who had been training eccentrically for a 
month before the experiment did not suffer any muscle sore- 
ness after performing either contraction type. Muscle sore- 
ness was experienced though, when he began his eccentric 


training regimen initially. 
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CHAPTER V 
SUMMARY AND CONCLUSIONS 


The primary purpose of this study was to compare 
the patterns of muscular fatigue of the forearm flexors 
during repeated maximal concentric and eccentric contrace- 
tions. Sub-problems investigated were : (a) the difference 
between maximum concentric and eccentric force output, 

(b) the difference between total concentric and total 
eccentric force output, (c) the difference in the rate of 
decline in force output between concentric and eccentric 
contractions measured as a percentage of the initial max- 
imum force output, (d) the difference between the total 
concentric and total eccentric electrical activity gener- 
ated by the muscles of the forearm and, (e) the difference 
between males and females on the above measures. 

Each subject performed repeated maximum voluntary 
concentric and eccentric muscular contractions on two dif- 
ferent occasions striving for maximum isokinetic force of 
forearm flexors through a 90° range of motion from 56° to 
146°, whether concentric or eccentric contraction was per= 
formed on the first visit or on the second was randomized. 


The angular velocity of the lever arm was set at 18° 
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per second. After each five second contraction a seven 

second rest period was given to permit the lever arm to 

return to its original position. No subject was allowed to 
proceed past 200 contractions. Almost all subjects reached 

200 contractions in both concentric and eccentric contrac- 

tion although the experiment was terminated if (a) 25% of 

the initial maximum force output was reached before the 200 

th contraction, (b) the subject felt that the experiment 

must be stopped due to excessive fatigue, pain or distress. 
The following results emerged: 

1. (a) For males, the mean maximum eccentric force was 
significantly greater (42.19%) than the mean maximum 
concentric force. 

(bo) For females, the mean maximum eccentric force was 
significantly greater (15.06%) than the mean maximum 
concentric force. 

(c) The mean maximum concentric force for males was 
119.80% greater than the concentric for females. 

(ad) The mean maximum eccentric force for males was 
108.28% greater than the eccentric for females. 

2. (a) The mean total eccentric force was greater (14.61%) 
than the mean total concentric force for males per- 
forming 200 contractions. This value approached 


significance (P=.068). 
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The mean total eccentric force was significantly 
greater (18.15%) than the mean total concentric 
force for females. 

The mean total concentric force for males was 85.00% 
greater than the concentric force for females. 

The mean total eccentric force for males was 79.47% 
greater than the eccentric force for females. 

A large individual variation in electrical activity 
was observed among the subjects for both types of 
contraction. Correlation coefficients between concen- 
tric and eccentric IEMG were 0.593 and 0.682 for 
males and females respectively. Both coefficients 
were significant at the .05 level. 

There was no significant difference for male total 
IEMG between concentric and eccentric contraction as 
fatigue progressed. 

There was no significant difference for female total 
IEMG between concentric and eccentric contraction as 
fatigue progressed. 

The forearm flexors in concentric fatigue for both 
males and females present a curvilinear pattern with 
an initial rapid decline in force output which levels 
out at approximately 54% for males and 72% for fe- 
males of the initial maximum force output for up to 
200 contractions of five seconds duration with a 


seven second rest period between each contraction. 


nels Fe | i? a veel zl | on avy vi io OE, i ae 4 
earns ‘oie a" a 
‘hoo\Sh ani Sih bie Ui ‘tetor | 
io Ais * iP ue he: un 


te tyma® oh demet oben . _ a 


Lary 


-s im nsec wo a 


“ones soewded ein ribaaadl rend i 
20% SOOO. Bes (86 eo rahe 2 db renege 

BA nes6 PESOS aPort Uforts coq ued sateen’ resis’? 

- > ytevet-e0. Gt) 64 ie 

ieiedt clam a0 sonore Titty tees Pi te hater eae perk, 7 J 

on wo Lioetats eivdtetes hes obsoiaanot Stipend ol LE, 

 beesangowy cute 

lated wtade? “ar sepa eels demo h tirade” og tame | 

at ad}yoosneg obits baa oftiregnee: nantes 3 


sidiod “ror pee ‘Olviem hated al ‘ee 
ihe rating mont tira, w Seommse he Leet bas si, 

orevel- dokdw tga auto! i-inbtens i indo ted 10 

‘mgt tO%) RSP tea hi. | 


79 


(b) The forearm flexors in eccentric fatigue for both 


males and females present a curvilinear pattern with 
an initial rapid decline in force output which levels 
out at approximately 47% for males and 56% for females 
of the initial maximum force output for up to Z00 con=- 
tractions. 

For both males and females the forearm flexors appear- 
ed to fatigue at a greater rate during eccentric 
contractions than during concentric contractions when 
compared by percentage of initial maximum force out- 
put. 

A greater amount of exercise, in terms of maximum 
force output and total force output over a given time 
period can be accomplished by eccentric muscular con- 
traction as compared to concentric muscular contrac- 
tion. 

Very little discomfort from muscle soreness or fatigue 
feeling was experienced after performing concentric 
contraction compared to that experienced after per- 
forming eccentric contraction. The discomfort lasted, 
on the average, less than one day for concentric con- 
traction while an average of four days was needed to 
recover from the discomfort after performing eccentric 


contraction. 
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Conclusions 


In conclusion, when performing eccentric contraction 


with the forearm flexors through a range of 90° from 56° to 
146° at a constant velocity of 18° per second and exerting 
maximal voluntary force for five seconds with a seven second 
rest period between each contraction, whether male or 
female, it appears possible to ; 
(a) be able to exert a greater maximal force, 
(b) be able to perform a greater total amount of work, 
(c) decline from the initial maximum force output at a fast- 
er rate, 
(d) be able to continually maintain after levelling out 
(to 200 contractions) a lesser percentage of initial 
maximum force output, 
(e) generate an equal amount of electrical activity and 
(f) develop greater discomfort for a longer period of time 
than when performing concentric contraction under the same 


conditions. 
Recommendations 


In this study an attempt was made to investigate 
dynamic fatigue under controlled conditions. Dynamic 
muscular fatigue, as well as static muscular fatigue, is an 
inevitable outcome of the continuously active human being. 


In further studies of this nature it would be 
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interesting to: 

(a) increase the velocity throughout the range of motion 
and decrease the rest period under the same conditions, 

(b) reduce the rest period to one second using an automatic 
lever arm return, 

(c) integrate the force output in addition to the electrical 
activity so that a valid area comparison could be made 


between the two measurements. 
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